When the pleural cavity is opened during the surgery portion of pleural photodynamic therapy (PDT) of malignant mesothelioma, the pleural volume will deform. This impacts the delivered dose when using highly conformal treatment techniques. To track the anatomical changes and contour the lung and chest cavity, an infrared camera-based navigation system (NDI) is used during PDT. In the same patient, a series of computed tomography (CT) scans of the lungs are also acquired before the surgery. The reconstructed three-dimensional contours from both NDI and CTs are imported into COMSOL Multiphysics software, where a finite element-based (FEM) deformable image registration is obtained. The CT contour is registered to the corresponding NDI contour by overlapping the center of masses and aligning their orientations. The NDI contour is considered as the reference contour, and the CT contour is used as the target one, which will be deformed. Deformed Geometry model is applied in COMSOL to obtain a deformed target contour. The distortion of the volume at X, Y and Z is mapped to illustrate the transformation of the target contour. The initial assessment shows that FEM-based image deformable registration can fuse images acquired by different modalities. It provides insights into the deformation of anatomical structures along X, Y and Z-axes. The deformed contour has good matches to the reference contour after the dynamic matching process. The resulting three-dimensional deformation map can be used to obtain the locations of other critical anatomic structures, e.g., heart, during surgery.
INTRODUCTION
Deformable image registration is used in radiation therapy, image-guided surgery, functional magnetic resonance images (MRI) analysis, and tumor detection, as well as many nonmedical applications, such as computer vision, pattern recognition, and remotely sensed data processing. [1] [2] [3] The process of deformable image registration consists of establishing spatial correspondences between different image acquisitions. 4 The term "deformable" denotes the fact that the observed signals are associated through a non-linear dense transformation, or a spatially varying deformation model. The most important applications of deformable image registration are: i) multi-modality fusion, where information acquired by different imaging devices or protocols is fused to facilitate diagnosis and treatment planning; ii) longitudinal studies, where temporal structural or anatomical changes are investigated; and iii) population modeling and statistical atlases, which are used to study normal anatomical variability. Type II photodynamic therapy (PDT) is a safe and noninvasive treatment modality that effectively kills cancer cells. 5, 6 PDT is based on the use of photochemical reactions mediated through an interaction between a photosensitizing drug (photosensitizer), photoexcitation with a specific wavelength of light, and massive production of reactive singlet oxygen, which is thought to be the major mechanism behind tumor cell killing. 6, 7 PDT is currently coupled with surgical resection of the malignant pleural mesothelioma tumor as a local treatment suitable to treat the microscopic disease and to increase survival rates. 8 Although accurate light dosimetry is imperative to treatment efficacy, the deformation of the pleural volume during the surgery when the pleural cavity is opened impacts the delivered dose. In this study, to track the anatomical changes and contour the lung and chest cavity, an infrared camera-based navigation system (NDI) is used during PDT. 8, 9 In the same patient, a series of computed tomography (CT) scans of the lungs are also acquired before the surgery. Then, finite element-based (FEM) deformable image registration 4, 10 is used to quantify the anatomical variation between the contours for the pleural cavities obtained in the operating room and those determined from pre-surgery CTs. 
METHODS

Obtaining the volume of lung prior to the surgery and PDT
A series of CTs of the lungs was acquired before the surgery at the Hospital of the University of Pennsylvania. The three dimensional (3D) volume of the lung obtained from the CTs were processed and contoured using Aria, Matlab and MeshLab software (see Fig. 1 ). 
Obtaining the volume of lung and plural cavity during PDT
Light delivery information was obtained during treatment so that it can be used to display the cumulative light fluence on every point of the cavity surface that is being treated. The treatment delivery wand is comprised of a modified endotrachial tube filled with scattering media and an optical fiber inside the tube to deliver the laser light. The position of the treatment is tracked using an attachment that has nine reflective passive markers that are seen by the IR camera (see Figs. 2(a) and (b)). The collected position points were processed and plotted as a three dimensional volume of the pleural cavity using Matlab and MeshLab software as shown in Fig. 2 (c). 
Matching of the orientation of the NDI and CT volumes
During surgery, the laser delivery wand with the NDI passive markers were used to determine the "standard" orientation along the patient. The wand was briefly held above and parallel to the patient, with the passive markers towards the head of the patient. This coordinate was used to orient the NDI volume obtained during treatment so that the top of the treatment volume is upwards on the z-axis. A 3×3 rotational matrix (Mstd) defines the orientation of the treatment wand in the "standard" orientation, and all measured volume coordinates are transformed using Mstd. 9 
Deformable image registration using COMSOL Multiphysics
The CT and NDI volumes were imported into COMSOL Multiphysics 5.0, where the FEM-based deformable image registration is obtained. The volumes of the NDI and CT domains were calculated to be 2360 and 2060 cm 3 , respectively. The contours were registered by overlapping their center of masses and orientations (see Fig. 3(a) ). Lung stress-strain material properties needed for this model are density, Poisson's value and Young's modulus. The stressstrain material properties of lung have been shown in Table 1 . A more detailed description of the lung tissue properties can be found elsewhere. [12] [13] [14] FEM involves dividing the domain of the problem into a collection of subdomains, with each subdomain represented by a set of element equations to the original problem, followed by systematically recombining all sets of the element equations into a global system of equations for the final calculation. The global system of equations has known solution techniques, and can be calculated from the initial values of the original problem to obtain a numerical answer. Fig. 3(b) and Table 2 show the FEM analyses mesh properties generated for the CT and NDI contours. In our model, the subdomain mesh displacement was set as free displacement. The NDI acquired contour is considered as the reference, and the CT contour is used as the target, which will be deformed by introducing a Deformed Geometry interface. The shear modulus, G, can be computed from Young's modulus, E, and Poisson's ratio, v, as
The bulk modulus, K, which measures the change in volume for a given uniform pressure can be expressed as
For small deformations, most elastic materials exhibit linear elasticity and can be described by a linear relation between the stress, σ, and strain, ε
In continuum mechanics, a Hypoelastic material, which is an elastic material that has a constitutive model independent of finite strain measures except in the linearized case is described by a relation of the form
where, D is the material property tensor, F is the deformed gradient and superposed dots indicate time derivatives, ∂ /∂t. In many solid mechanics problems, material deformation is characterized by a small (or linearized) strain tensor
where ui are the components of the displacements of continuum points, the subscripts refer to Cartesian coordinates (i=1, 2, 3) and the subscripts preceded by a comma denote partial derivatives (e.g., ui,j = ∂ui /∂xj). For a sufficiently small loading step (or increment), one may use the deformation rate tensor (or velocity strain)
or increment representing the linearized strain increment from the initial (stressed and deformed) state in the step
where, the dot represents the time derivative, Δ denotes a small increment over the time step, t, and υi =  i u is the material point velocity or displacement rate.
The objective stress rate,  is related to the element deformation and must be invariant with respect to coordinate transformations (particularly rotations) and must characterize the state of the same material element as it deforms.
RESULTS AND DISCUSSION
Image deformable registration is the process of determining the optimal spatial transformation that maps one image to another. In this study, the two 3D images obtained from the NDI system and CT that are respectively registered as the fixed and the moving images are the input to the registration algorithm. The output is the optimal transformation that maps the CT image to the NDI. In order to have accurate representation of our complex geometries, inclusion of dissimilar material properties, and easy representation of the total solution and capture of local effects we use FEMbased deformable registration. Ideally, the transformed moving image should be identical to the fixed one after the registration. However, due to the big deformation of the lung during the surgery, there is a big difference between the CTs and the NDI volumes and the image deformable registration did not completely match the two contours. The deformed CT volume and the stress vectors in X, Y and Z have been shown in Fig. 5(c) . 
CONCLUSION AND FUTURE STUDIES
In this study, anatomical variation between the contours for the pleural cavities obtained in the operating room and those determined from pre-surgery CT scans could be quantified by using the FEM-based Deformed Geometry model in COMSOL. This preliminary study shows promising application of the FEM-based image deformable registration when images of the same object are taken at different times, from different imaging devices, or from different perspectives. We also showed that FEM is a good choice for analyzing problems over complicated domains, when the domain changes (as during a solid state reaction with a moving boundary), the desired precision varies over the entire domain, or the solution lacks smoothness. However, due to the big deformation of the lung during the surgery (NDI volume 2360 cm 3 compared to CT volume 2060 cm 3 ) our model did not completely match the two contours; the deformed CT volume was calculated to be 2295 cm
